It has been asserted that relief of trigeminal nerve pain following irradiation results from axonal degeneration and neuronal death. However, there could be another explanation of the observed clinical phenomena: pain relief may result from altered neuronal function. It is argued that optimal treatment of trigeminal neuralgia with stereotactically-delivered radiation may be achieved by altering neuronal behavior without tissue destruction. Multiple lines of evidence demonstrate that radiation can focally alter neuronal physiology. These experimental and clinical observations are reviewed. Radiomodulation may offer a tool by which hypermetabolic foci may be down-regulated in order to restore homeostasis within a malfunctioning neural circuit and treat clinical symptoms of functional and behavioral disorders.
Introduction And Background

From radiosurgery to radiomodulation
At its inception, radiosurgery was perceived by its inventor, Lars Leksell, to be primarily a minimally-invasive procedure for making destructive brain lesions in patients with functional disorders. Although neuro-oncologic applications of radiosurgery have come to dominate, numerous studies now demonstrate the efficacy of stereotactic radiosurgery in treating selected patients with movement, seizure and psychiatric disorders. Much as Leksell once envisioned, radiosurgery has evolved into an effective alternative to invasive techniques, such as radiofrequency ablation and other open neurosurgical techniques. However, recent clinical observations in patients undergoing rhizotomy for trigeminal neuralgia and epilepsy suggest that precisely targeted irradiation can alter local neuronal function without inducing a necrotic/apoptotic lesion. Based on this new understanding, we wish to now propose a broader conceptual framework for how sub-lethal radiation might alter neuronal function and be used in other clinical conditions. We postulate that the rapid and enduring effects of stereotacticallydelivered radiation to histologically normal tissue depending upon dose, may exert its therapeutic effects principally by altering neuronal membrane physiology.
Review Radiomodulation: A clinical phenomenon
It has been asserted that relief of trigeminal nerve pain following irradiation results from axonal degeneration. Such conclusions are based, in part, upon animal studies using various radiation 1 2 doses [1] . However, there is an alternative, perhaps more compelling explanation for the observed clinical phenomena: that the pain relief resulted from altered function of surviving neurons, and the degeneration and death of neurons is simply an unintended and unnecessary collateral damage.
Multiple lines of evidence show that radiosurgery can non-destructively alter focal neuronal physiology. Regis, et al. was the first to describe localized irradiation, delivered within defined parameters, as a form of neuromodulation [2] . Over the previous two decades, several researchers noted the disappearance of seizures following a variety of radiation treatments from brachytherapy [3] to radiosurgery [4] to radiotherapy [5] . These animal and human studies utilized focal irradiation at doses lower than would be expected to result in cell death.
(Anatomically normal brain tissue has been found to have a higher tolerance to focal radiation than neoplastic brain tissue.)
Regis, et al. published results regarding an initial series of patients treated for epilepsy with Gamma Knife ® (Elekta AB, Stockholm, Sweden) in 1994 (Regis et al 1994) , and a second series in 2000 [6] . Treatment of refractory epilepsy has also been carried out with other radiosurgical instruments such as the CyberKnife ® (Accuray Incorporated, Sunnyvale, California, USA) [7] . Romanelli and Anschel [8] reported on a series showing subnecrotic doses of radiation to neocortical foci improving seizure control. Uigg and Barbaro [9] have similarly reported therapeutic success with the use of radiation to irritable foci. Moreover, repeated studies demonstrate that radiosurgical "lesioning" of the trigeminal sensory root, in patients with trigeminal neuralgia [1, [10] [11] [12] [13] [14] [15] can alleviate trigeminal pain while preserving the function of the parent nerve.
Our clinical experience suggests that the function of nervous tissue can be altered for an extended period of time, without frank cellular death of the involved region. The trigeminal nerve rhizotomy technique, with which we are most familiar, uses the CyberKnife to precisely target a six millimeter nerve segment with an approximate volume of 0.030-0.040 cc, using a marginal dose of 60 Gy. Approximately 20% of patients leave the radiosurgical session with cessation of all trigeminal neuralgia. An additional 65% of cases obtain relief of pain over an average of five weeks. Seventeen percent of patients go on to develop ipsilateral facial numbness after a mean latency of seven months [16] . The ultimate durability of this effect is still under investigation, however, the therapeutic effects of radiosurgical neuromodulation treatment of trigeminal neuralgia appear to be generally sustained for several years. Given that the destructive effects of ionizing radiation requires months to occur, the immediate pain relief experienced by many patients is striking: Something other than nerve cell death could be responsible for the relief of pain.
Putative Mechanisms of Action
Ablation of normal brain tissue tends to occur at higher doses (relative to volume) than those which we believe to produce neuromodulation. In ablation, neurons and glia die. Fibrinoid necrosis, in tandem with thickening of blood vessel walls, narrowing of lumens and thrombosis may develop over times exceeding a year [17] [18] , and the site may liquefy [19] . At more moderate doses, radiation has been shown in the laboratory to reduce the electrophysiological reactivity of neurons. Laboratory rats given 90 cobalt gray equivalents (CGE) to brain targets by proton beam show electrophysiological changes, including a requirement for higher voltages to elicit post-synaptic potentials at three months following irradiation [20] . In a Gamma Knife rat epilepsy model, in rat brains exposed to 40 Gy, spontaneous firing of neurons decreased by 55% as compared to controls, and this effect was sustained through several months of follow-up [21] . In this same study, at less than 50 Gy in histologically normal tissue, there was no evidence of necrosis: At 50-60 Gy, however, approximately 7% of the targeted tissue showed evidence of cell death. In guinea pig models, delivery of 50 Gy at a 20 Gy/minute rate produced reduced synaptic transmission efficiency, while 75 Gy additionally resulted in post-synaptic impairment.
At the slow radiation delivery rate of 5 Gy/minute, 100 Gy or more was required to cause synaptic impairment, while post-synaptic impairment was not dose-rate dependent [22] . The substrate of these changes is not known; however, ionizing radiation has also been shown to cause an inhibitory effect upon voltage-sensitive sodium channels in the rat brain [23] . This results in a state, in which the affected neurons remain chronically in a hyperpolarized state impervious to depolarization [24] . In summary, moderate-dose (non-necrotic/apoptotic) radiation delivered to non-neoplastic tissue serves to suppress neuronal activity "through mechanisms that change the functional characteristics of individual cells without killing those cells" [24] . These radiationinduced changes develop over a period of months [17] , and may thereafter be permanent. Grossly evident changes to the nerve were not observed in six patients who underwent microvascular decompression eight to 46 months after having received Gamma Knife treatment of the trigeminal root entry zone [25] .
Animal studies performed with radiation doses in boundary region between ablative and neuromodulation-compatible dose of 100Gy [26] have documented specific changes to blood vessels, glia, and interstitial space in the hours and months following irradiation. These documented changes provide possible alternative explanations for the observed neuromodulatory effects discussed in this paper. For example, edema becomes evident within hours of irradiation, and might disrupt connections between neurons, or between neurons and glia. Vascular endothelial hyperplasia, which becomes evident within 12 hours of irradiation, constrict microvascular supply to associated brain tissues, and could theoretically slow the activity of neurons which depend upon the adequate delivery of oxygen and nutrients, as well removal of metabolic waste products. Astrocyte proliferation, hyperplasia and hypertrophy ("reactive astrogliosis") occurs beginning within hours of irradiation, and could disrupt tripartite synapses, or otherwise alter neuronal activity via astrocyte signaling changes. Finally, damage to oligodendrocytes and Schwann cells is known to slow nerve conduction velocity.
FIGURE 1:
Radiosurgical ablation is compared with radiation-based neuromodulation ("Radiomodulation"). Radiosurgical ablation (left) results in the death of brain tissue including neurons, glia and blood vessels, resulting in the loss of signal processing and transmission. By contrast, radiomodulation (right) chronically hyperpolarizes neurons, decreases their spontaneous firing rate, and reduces synaptic efficiency. Targeted tissue thereby continues to function at a slower, less reactive rate. We propose that optimal pain relief may be achieved by altering neuronal behavior, without frank neuronal destruction. Radiation may thus place neurons in a state of ephaptic transmission as some have postulated in central and peripheral pain conditions [27] [28] [29] , an effect that may also be akin to the mechanism of action of anticonvulsants in pain.
Of course, axonal degeneration and necrosis do occur, typically at doses of 80 Gy or more, and is indeed typically accompanied by both pain relief and numbness. However, it is suggested that this approach may be avoided in favor of the moderate-dose neuromodulation effects. It appears that, depending upon anatomical and volumetric particulars, doses in the 40 to 60 Gy range are most likely to yield modulation without ablation.
In practice, radiosurgical ablation and radiomodulation appear to co-exist on a continuum, and achieving reliable radiomodulation in the absence of ablation requires delicate balance. Producing radiomodulation in the effective absence of ablation will depend upon weighing several factors, primarily including the dose, the targeted tissue volume, and the intrinsic radiation susceptibility of the targeted tissue. The volume targeted is chiefly dictated by the spatial geometry of the brain tissue that one wishes to affect, and is therefore determined on a functional-anatomical basis. Dose, by contrast, is being determined empirically, in the context of laboratory and clinical research, which specifically attempts to tease out the effects of radiomodulation. While animal research may be instructive, dose cannot be directly derived from such studies: laboratory animals may have an intrinsic tolerance to radiation/ susceptibility that differs from humans. Additionally, because humans have large brains compared with laboratory animals, a given volume of tissue contains a disproportionate amount of the critical cellular infrastructure required for tissue repair. Therefore, the dose/volume relationship for a given radiation effect in a small animal is likely to be disproportionally shifted toward a lower value, while the intrinsic susceptibility of their brain tissue may be greater or less than that of a human brain. Nor can the dose be directly derived from the clinical radiation oncology experience. By virtue of their rapid cell division (as compared with normal brain tissue), and often precarious blood supply, neoplasia is much more readily destroyed by relatively low doses of radiation. In fact, the classical radiobiology that underlies radiation therapy teaches us very little about radiomodulation.
To date, radiomodulation has been used principally for the sake of its local effect upon targeted tissue. In the case of epilepsy, radiomodulation is applied to the seizure focus and surrounding tissue, so as to limit the generation and propagation of seizure activity. In the case of trigeminal neuralgia, radiomodulation is used to decrease the irritability and reactivity of the nerve that registers excessive pain. However, potential uses of radiomodulation are much greater than such local-effect applications. Tuning of complex brain circuit dynamics-much as is done with implanted deep brain stimulation (DBS) electrodes-could be emulated non-invasively using radiation. By applying carefully dosed radiation to small, precisely selected volumes within brain circuits, we may be able to therapeutically alter the behavior of targeted brain circuits. Radioprotectant and radiosensitizer agents may prove useful for achieving such target/nontarget differential effects.
Using contemporary functional imaging modalities, focal areas of metabolic disturbance may be identified within the context of clinical symptoms. By radiomodulating a hypermetabolic node in the circuit or associated white matter tracts, it may be possible to restore homeostasis in the treated circuit and treat clinical symptoms. This has particular implications for psychiatric and behavioral disorders: For example, by downwardly modulating activity within the subgenual cingulate (Cg25), we may be able to treat intractable depression, as previously demonstrated with DBS by Mayberg and Lozano [30] .
Radiation-based neuromodulation may prove to retain key differences, as well as similarities with other neuromodulation modalities, as shown in Table 1 . Perhaps the most distinguishing characteristic of radiomodulation is the durable, possibly permanent nature of the treatment. This durability would theoretically be desirable provided that appropriate dosing and targeting strategies can be developed. The key limitations of radiation-based neuromodulation are the nuances of determining correct targets, and doses that should be directed to those targets. Some small degree of necrosis may co-exist within predominantly viable irradiated tissue. The long time course required for posttreatment changes to reach homeostasis make dosing decisions even more complex. Like ablative procedures, radiomodulation effects appear to be substantially permanent, and therefore can't be iteratively tuned with the ease provided by electrical stimulation. Furthermore, some physicians and their patients might be adverse to radiation-based treatment because of concerns regarding sequelae of the exposure. Finally, radiation-based neuromodulation effect appears to be unidirectional: down-regulation of the target. While some evidence supports hyperactivity of neurons shortly after irradiation, the late/enduring effects appear to be suppressive only. This limits the application only to paradigms in which a hypermetabolic area of tissue requires downregulation.
Conclusions
When histologically normal brain tissue malfunctions, the frequent result is abnormal behavior, characteristic of psychiatric disease. Our evolving capabilities in functional brain imaging --chiefly, PET, SPECT and fMRI --increasingly reveal these regions of hypermetabolism and of hypometabolism that correlate with the psychiatric illness: Radiomodulation may offer a tool by which hypermetabolic foci may be downregulated. Theoretically, the chief advantage of radiomodulation over ablative radiosurgery is the preservation of relatively intact neural connectivity and avoidance of the adverse effects associated with destruction of that tissue: for example deafferentation pain. The potential key advantage of radiomodulation over implanted stimulation is the non-invasive nature of the approach that is devoid of most open surgical risks. Upon achievement of a successful treatment, the ultimate results would usually be permanent, and without concerns about battery changes, and/or replacing broken electrical leads. Theoretically, such an approach could translate into a safer, less costly and more accessible treatment for patient with functional brain disorders. Optimal parameters for stereotactic radiation-based neuromodulation will be revealed with further study, and as the capabilities of functional neuroimaging improve. It may be thereby possible to improve the behavior of functionally abnormal neural circuitry. 
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